P remature atrial complex (PAC) is a highly prevalent arrhythmia that is associated with a high incidence of atrial fibrillation (AF) and subsequent complications. [1] [2] [3] [4] The burden of PACs in the general population can be independently associated with many predisposing factors, such as increased age, abnormal body height, cardiovascular (CV) disease, abnormal levels of natriuretic peptide, and abnormal levels of high-density lipoprotein cholesterol. 3 Several studies have demonstrated an increased incidence of ischemic stroke and composite CV events in patients with a high PAC burden. 2, 5 Normal functioning of the sinus and atrioventricular nodes can be disturbed by atrial extrastimuli. 6, 7 Adverse sinus node remodeling can be reversed after frequent atrial extrastimuli are eliminated in patients with sinus node dysfunction. 8 These findings suggest that the burden of PACs may adversely affect sinus and atrioventricular node function as a result of abnormal electrical stimulation, leading to subsequent substrate remodeling. However, the clinical significance of PAC burden on the risks of mortality, morbidity, and dysfunctions of the cardiac conduction system has not been fully elucidated. Therefore, the aim of this study was to assess the clinical impact of PAC burden, based on 24-hour electrocardiography (ECG) monitoring, on mortality, CV hospitalization, occurrence of new-onset AF, and the need for permanent pacemaker (PPM) implantation during a long-term clinical follow-up.
Materials and Methods

Ethics Statement
The Institutional Review Board at Taipei Veterans General Hospital, Taipei, Taiwan approved this study without requiring patients' informed consent (VGH-IRB Number: 2013-08-002AC#1). The patient records/information was anonymous and de-identified prior to analysis.
Study Population
This retrospective, observational study was based on information obtained from the "Registry of 24-hour ECG monitoring at Taipei Veterans General Hospital" database. Taipei Veterans General Hospital is a large integrated healthcare delivery system providing comprehensive medical services to a population of more than 3 million in Taiwan. The study group included 5903 consecutive patients who were more than 18 years of age and who underwent clinically indicated 24-hour ECG monitoring between January 1, 2002 and December 31, 2004 at the Taipei Veterans General Hospital. Patients were referred for Holter monitoring for indications including palpitations, syncope, suspected arrhythmia, and clinical follow-up according to the physician's discretion. Collected variables, including past medical history, risk factors, comorbidities, and medications, were obtained from 1 or more primary or secondary hospital discharge diagnoses, outpatient visits, emergency visits, and the Collaboration Center of Health Information Application, Ministry of Health and Welfare in Taiwan. The International Classification of Diseases, Ninth Revision codes were used as surrogates for other underlying diseases before 24-hour ECG monitoring. The diagnoses must have been recorded twice in outpatient department records, or at least once in inpatient records. Participants with AF and/or atrial flutter (baseline 12-lead ECG or on baseline Holter monitoring), a PPM (confirmed as a reported history of the presence of a PPM at their first study encounter on baseline 12-lead ECG or apparent on baseline Holter monitoring), or a history of ablation were excluded. The final sample included 5371 patients. A medical history including details of baseline CV comorbid conditions and physical examination were retrospectively reviewed based on existing records. In our previous studies, we have validated this methodology.
9,10
Follow-Up and Outcomes
Follow-up visits of all participants were scheduled depending on their clinical course or after each new event in this study. Patients with regular medication were scheduled for regular follow-up with an interval of 1 to 3 months. After the documentation of each new event, patient follow-up was conducted every 2 weeks for 1 month and then at intervals of 1 to 3 months. Patients without regular medication were scheduled for follow-up after 1 year or after any new events at the discretion of their physician. Follow-up data were retrieved from the Taipei Veterans General Hospital or from the Taiwan National Health Insurance Research Database. The Taiwan National Health Insurance program has 23 million people enrolled, and this accounts for 99% of the country's population. The insurance claim database can be used for studies of the natural history of diseases and for clinical research involving actual clinical situations. In this cohort dataset, the original identification number of each patient is encrypted to ensure their privacy. The encryption procedure is such that a linkage of the claims belonging to a given patient is feasible within the National Health Insurance database and allows for continuous tracking. The main outcomes determined were death, hospitalization for any reason (all-cause hospitalization), hospitalization for CVrelated conditions (CV hospitalization), occurrence of newonset AF, and PPM implantation. Potential new incident events, any inpatient admissions, and all deaths were investigated in detail based on initial identification through the International Classification of Diseases diagnostic codes or mention of an end point on the hospital face sheet, previous discharge summary, outpatient clinic report, and/or the Collaboration Center of Health Information Application database. This methodology has been previously validated. [11] [12] [13] Hospitalization was defined as an overnight stay in a hospital ward, excluding evaluation in the emergency department. New-onset heart failure and new-onset AF were confirmed by physician reports, documented echocardiography reports, ECG reports, by medical record review during regular clinical visits, or as a result of mention of such an end point on either the hospital face sheet or the discharge summary. The follow-up period was from the date of patient registration through February 28, 2013.
Risk Factors
Data were collected based on demographic characteristics (age and sex) from the medical records of patients. Targeted comorbidities, such as diabetes mellitus, hypertension, coronary artery disease, heart failure, chronic kidney disease, liver disease, history of myocardial infarction, and valvular heart disease, were determined by using International Classification of Diseases, Ninth Revision codes from the medical record at the time of examination. Left ventricular ejection fraction data were collected from the echocardiography reports. The New York Heart Association functional classification and medication data were determined from the medical and nursing records.
Statistical Methods
All analyses were performed using SPSS statistical software, version 20.0 (SPSS, Inc, Chicago, IL). Baseline patient characteristics are reported as the meanAESD for continuous variables and as percentages for categorical variables. Receiver operator characteristic curves and areas under the receiver operator characteristic curves were analyzed to determine the optimal cut-off point for all-cause death (Youden index). The final results indicated an optimal cut-off point of 76 beats of PACs on 24-hour ECG monitoring (76 beats per day) as a predictor for an adverse outcome. Baseline characteristics of the patients with a PAC burden >76 beats per day and those with a PAC burden ≤76 beats per day were compared using Student t test for continuous variables and the v 2 test for categorical variables. An a error of <5% was considered statistically significant. Crude event rates from the 10-year Kaplan-Meier survival curves were compared between the 2 groups using the log-rank test for a given end point.
The relative risk for a given end point associated with PAC burden was estimated by calculating the hazard ratio (HR) using a Cox regression hazards model. This model was run with all parameters that had an a error of <0.05 in their baseline data (age, sex, hypertension, coronary artery disease, previous myocardial infarction, diabetes mellitus, heart failure, and use of antihypertension medication). Different end-point comparisons between the 2 groups for death and indication for PPM implantation were performed using the v 2 test for categorical variables. The HRs of PACs in different subgroups of patients with individual risk factors are shown in a Forest plot ( Figure 3 ). Propensity-score matching was also used to control for all confounders. 14 The propensity score was obtained by using logistic regression. A Cox proportional hazards model was applied to examine the risk of frequent PACs (PAC burden >76 beats per day) in the propensity-matched samples.
To determine whether inclusion of PACs in the model improved the predictive power, discrimination tests were performed with the integrated discrimination.
14 For the old model, clinical outcome markers (age, sex, hypertension, coronary artery disease, previous myocardial infarction, diabetes mellitus, heart failure, and use of antihypertension medication) were used.
Results
Baseline Characteristics
The 5371 patients in this study were followed up for 10AE1 years through clinical evaluation and investigation of medical records, nursing records, and Bureau of National Figure 1 ). On the basis of the optimal cut-off for predicting mortality, a PAC burden >76 beats per day was defined as "frequent PACs." Figure 2 shows the Kaplan-Meier survival curve and CV hospitalization-free, AF-free, and PPM-free survival in patients with or without frequent PACs. The baseline characteristics of patients with and without frequent PACs are presented in Table 1 . Patients with frequent PACs were generally older and male, with a higher incidence of diabetes mellitus, hypertension, heart failure, coronary artery disease, history of myocardial infarction, and more medications for hypertension compared to the group without frequent PACs.
PACs and Long-Term Outcomes
Patients with frequent PACs had higher rates of all-cause mortality, all-cause hospitalization, CV hospitalization, newonset AF, and PPM implantation compared to patients without We performed a propensity-matched multivariable logistic regression analysis to control for all confounders. A propensity-matched score was assigned to each patient in Values are number of events (%) unless otherwise indicated. AF indicates atrial fibrillation; CV, cardiovascular; HR, hazard ratio; PAC, premature atrial complex; PPM, permanent pacemaker. *HRs were adjusted for patient age, sex, hypertension, coronary heart disease, previous myocardial infarction, heart failure, and use of antihypertension medication. our study, which reflected the propensity for experiencing the exposure of interest. A Cox proportional hazards model was applied to examine the risk of frequent PACs in propensity-matched samples. The HR (95% CI) of frequent PACs for mortality was still significantly elevated (Tables S1  and S2) . We further divided the 5371 patients into quartiles, according to their PAC burdens. Cut-off points for the first, second, and third quartiles were 7, 37, and 198 beats per day, respectively. Subgroup comparisons for incidence of mortality, CV hospitalization, new-onset AF, and PPM implantation are shown in Figure 2 . The incidence rates for mortality, new-onset AF, and need for PPM implantation were significantly higher in quartiles 3 and 4, but not in quartile 2. The CV hospitalization rate was significantly higher in quartiles 2, 3, and 4. The risk increased significantly in each quartile. Kaplan-Meier survival analysis with the log-rank test for subgroup analysis revealed significant differences between survival curves. All pairwise multiple-comparison procedures (Holm-Sidak method) revealed that quartile 4 was significantly different compared to the other quartiles. Quartile 3 was significantly different when compared to quartiles 1 or 2.
Predictors of Risk
The outcome markers (age, sex, hypertension, coronary artery disease, previous myocardial infarction, diabetes mellitus, heart failure, and use of antihypertension medication) for our study were used for the old model. When PAC burden was added to other variables for estimates of risk, the integrated discrimination was 0.0108 (P<0.001) for mortality, 0.0065 (P<0.001) for CV hospitalization, 0.0103 (P<0.001) for PPM implantation, and 0.0095 (P<0.001) for new-onset AF. Figure 3 shows the Forest plot estimates of HRs for mortality in each subgroup with or without frequent PACs. Patients with frequent PACs were at higher risk of mortality in subgroup analyses of age, gender, hypertension, and coronary artery disease. However, the higher risk of mortality in frequent PACs was observed in patients without history of heart failure or old myocardial infarction. Patients with history of heart failure or old myocardial infarction may have higher mortality caused by the disease itself, which may diminish the influence of PAC. In the different end-point analyses of all-cause mortality, frequent PACs were associated with death due to infection and CV events (Table 3) . When CV events were further divided into myocardial infarction, heart failure, and sudden cardiac death, frequent PAC was associated with all 3 events. In the different end-point analyses for the indication of PPM implantation, frequent PAC was associated with sick sinus syndrome, high-degree atrioventricular block, and AF (Table 3) . Frequent PACs were not associated with ventricular tachycardia or any other indication. In terms of sick sinus syndrome as an indication for PPM, the etiology of sick sinus syndrome included long pause, tachy-brady syndrome, and sinus bradycardia. Frequent PACs were significantly associated with long pause and tachy-brady syndrome as an indication for PPM, but were not associated with sinus bradycardia.
Subgroup Analysis
Discussion
In this study, we demonstrated that patients with a PAC burden >76 beats per day were at increased risk for mortality, CV hospitalization, AF, and PPM implantation. In the subgroup analysis of all-cause mortality, frequent PACs were associated with death due to infection and CV events. Frequent PACs correlated closely with PPM implantation caused by sick sinus syndrome, high-degree atrioventricular block, and AF.
PAC and Mortality
After adjusting for various potential confounding factors, we found that a PAC burden >76 beats per day was associated AF indicates atrial fibrillation; AVB, atrioventricular block; CV, cardiovascular; HF, heart failure; MI, myocardial infarction; PAC, premature atrial complex; PAF, paroxysmal atrial fibrillation; PPM, permanent pacemaker; SCD, sudden cardiac death; SSS, sick sinus syndrome; Tachy-brady, tachy-brady syndrome; VT, ventricular tachycardia.
with increments in the incidence of all-cause mortality (HR . In a previous study, risks of death, stroke, and AF were significantly increased in healthy subjects with a PAC burden >720 beats per day during a 6.3-year follow-up study. 1 Another 16.4-year follow-up study of subjects from the general population without a history of stroke or coronary heart disease found that the presence of PACs in a 2-minute rhythm strip was correlated with (fatal or nonfatal) coronary heart disease, but not with sudden cardiac death. 15 One 14-year follow-up study reveals that presence of PACs in 12-lead ECG was a strong predictor of AF development, and was associated with increased risk of cardiovascular disease in the general population. 16 Another prospective cohort study found that the addition of PAC count (>32 beats/hour) to a validated AF risk algorithm by the Framingham model provides superior AF risk discrimination and significantly improves risk reclassification in 15-year follow-up. 17 Recently, the presence of frequent PACs (>100 beats per day) in symptomatic patients without AF or structural heart disease was shown to increase the risks of developing AF, ischemic stroke, heart failure, and death during a 6.1-year follow-up study. 3 Frequent PACs could predispose an individual to new-onset AF, ischemic stroke, and heart failure, which, in turn, increase the risks of CV hospitalization and mortality. [18] [19] [20] [21] Increments in such pathological conditions may contribute, at least in part, to the observed increases in hospital admissions and mortality rate. Results of comparison of 4 quartiles based on PAC burdens, the risk of mortality, CV hospitalization, AF incidence, and PPM implantation were directly proportional to PAC burdens. However, there was no significant difference in the all-cause mortality, AF-free survival, and PPM-free survival between PAC numbers 0 to 7 beats/day (Quartile 1) and PAC numbers 7 to 37 beats/day (Quartile 2). The impact of PAC numbers <37 in the incidence of mortality, occurrence of new-onset AF, and need for PPM implantation might be low or limited due to the period of follow-up. In our study, the cut-off value was relatively lower than in previous studies. One reason is that most previous studies used 12-lead ECG or 2-minute strip, which could not clearly identify PAC burdens. The other reason is that the follow-up period of our study was longer than that of most previous studies using 24-hour ECG monitoring, so that the impact of low PAC burdens could emerge.
PACs and the Need for Cardiac Pacing
To the best of our knowledge, no previous study has evaluated the relationship between PACs and risk of PPM implantation. This study is the first to report that an elevated PAC burden is associated with an increment in the incidence of PPM implantation after adjusting for potential confounding factors. In the subgroup analysis, the presence of frequent PACs was significantly associated with PPM implantation for sick sinus syndrome involving long pause and tachy-brady syndrome, as well as high-degree atrioventricular block. However, the mechanism for the association between PACs and cardiac conduction system dysfunction was unclear. Frequent atrial stimulation might cause atrial substrate remodeling near the sinus nodal area, causing dysfunction of the sinus node. [22] [23] [24] AF could cause profound electrophysiological and structural remodeling of the atrioventricular node. 7 These findings suggest that frequent PACs might mimic, at least in part, the pathophysiology of AF in the human heart and contribute to sinus and, possibly, atrioventricular node dysfunction. 7, [22] [23] [24] Patients with symptomatic PACs were more likely to receive b-blockers for symptom control. b-blockade could slow the heart rate and disturb cardiac conduction, thereby increasing the risk of sick sinus syndrome and heart block. A complex and cyclic relationship could exist between frequent PACs and cardiac conduction disturbance. For example, isolated atrioventricular block has been associated with the development of ectopic beats and tachyarrhythmia, 25, 26 whereas symptomatic sinus node dysfunction has been associated with abnormal atrioventricular node conduction. 27 This crosstalk could potentially explain the deterioration of cardiac conduction in patients with frequent PACs.
PACS: A Marker of the General Conduction?
In our study, patients with frequent PACs were generally older. Cardiac arrhythmia and cardiac rhythm disturbances are frequently found in elderly people as a result of degenerative changes and/or comorbidities. Although we tried to show significant differences in prevalence for most comorbidities, our study could be underpowered to disclose all possible comorbidities. Frequent PACs might be a marker of an underdiagnosed physical condition that can lead to adverse outcomes, including mortality, hospitalization, and PPM implantation. Furthermore, in the elderly, arrhythmias are a significant cause of falls, physical disability, and frequent hospital visits, which would make subsequent hospitalization, sinus and atrioventricular node dysfunction, and AF episodes easier to detect than in younger (healthier) subjects.
Clinical Perspective
The clinical significances of this study are the following: (1) excessive numbers of PACs may increase the risk of atrial fibrillation, hospitalization, and mortality; (2) frequent PACs might contribute to subclinical heart disease, and could lead to the progression of remodeling. Our study can help increase clinicians' awareness that a more intense follow-up may allow early detection of AF or subclinical heart disease. Advanced treatment of underlying disease could interrupt the progress of cardiac remodeling.
Study Limitations
This study had some limitations. Regarding the baseline characteristics, the patient group with a PAC burden >76 beats per day was older, predominantly male, and had higher incidence rates of hypertension, diabetes mellitus, coronary artery disease, and previous myocardial infarction compared to the group with a PAC burden ≤76 beats per day. This selection bias might still exist even after the Cox regression hazard model and propensity-matched score adjustment for extensive risk factors were applied. For example, there was a significant difference in age between patients on either side of the PAC cut-off; therefore, propensity-matched multivariable logistic regression was used to control for confounders. The resulting HR still indicated a significantly higher mortality risk in the frequent PAC group. However, it is not clear whether multivariate analysis or propensity-matching methods could reasonably correct for selection bias from the start. Further prospective study conducted in the general population without clinical symptoms might give us more information.
Second, it is possible that we overestimated the impact of PACs on dysfunction of the sinus and atrioventricular nodes. The association between AF and sinus node dysfunction is well known. 24 Our observation might be an upstream manifestation, with symptoms of palpitation or syncope/ presyncope, one of the indications for Holter monitoring in our study group. These symptoms might be present during the early stage of PACs. Third, our study population was not representative of the general population. The study population had a higher CV risk and was referred for cardiac symptoms in the initial setting. Holter indication may stratify PAC frequency or study outcomes. Further prospective study might be necessary before applying these results in a clinical setting.
Fourth, the PAC burden may be higher in the setting of organic diseases of the sinus or atrioventricular node. Frequent PACs might be a marker of an underdiagnosed physical condition that can lead to sinus and atrioventricular node dysfunction.
Furthermore, the follow-up was not balanced between all the patients, and it was far more likely for an event to be observed in a higher risk patient than a lower risk one. Although the results of the Cox regression hazards model were compatible with the propensity-matching methods, we could not eliminate the possibility of follow-up bias in the study population.
